Aims. The role of galaxy mergers in massive galaxy evolution, and in particular to mass assembly and size growth, remains an open question. In this paper we measure the merger fraction and rate, both minor and major, of massive early-type galaxies (M ⋆ ≥ 10 11 M ⊙ ) in the COSMOS field, and study their role in mass and size evolution. Methods. We use the 30-band photometric catalogue in COSMOS, complemented with the spectroscopy of the zCOSMOS survey, to define close pairs with a separation on the sky plane 10h −1 kpc ≤ r p ≤ 30h −1 kpc and a relative velocity ∆v ≤ 500 km s −1 in redshift space. We measure both major (stellar mass ratio µ ≡ M ⋆,2 /M ⋆,1 ≥ 1/4) and minor (1/10 ≤ µ < 1/4) merger fractions of massive galaxies, and study their dependence on redshift and on morphology (early types vs spirals). Results. The merger fraction and rate of massive galaxies evolves as a power-law (1 + z) n , with major mergers increasing with redshift, n MM = 1.4, and minor mergers showing little evolution, n mm ∼ 0. When split by their morphology, the minor merger fraction for early types is higher by a factor of three than that for spirals, and both are nearly constant with redshift. The fraction of major mergers for massive spirals evolve faster (n spiral MM ∼ 4) than for early types (n ET MM = 1.8). Conclusions. Our results show that massive early-type galaxies have undergone 0.89 mergers (0.43 major and 0.46 minor) since z ∼ 1, leading to a mass growth of ∼ 30%. We find that µ ≥ 1/10 mergers can explain ∼ 55% of the observed size evolution of these galaxies since z ∼ 1. Another ∼ 20% is due to the progenitor bias (younger galaxies are more extended) and we estimate that very minor mergers (µ < 1/10) could contribute with an extra ∼ 20%. The remaining ∼ 5% should come from other processes (e.g., adiabatic expansion or observational effects). This picture also reproduces the mass growth and velocity dispersion evolution of these galaxies. We conclude from these results, and after exploring all the possible uncertainties in our picture, that merging is the main contributor to the size evolution of massive ETGs at z 1, accounting for ∼ 50 − 75% of that evolution in the last 8 Gyr. Nearly half of the evolution due to mergers is related to minor (µ < 1/4) events.
Introduction
The history of mass assembly is a major component of the galaxy formation and evolution scenario. The evolution in the number of galaxies of a given mass, as well as the size and shapes of galaxies building the Hubble sequence, provides strong input to this scenario. The optical colour -magnitude diagram of local galaxies shows two distinct populations: the red sequence, consisting primarily of old, spheroid-dominated, quiescent galaxies, and the blue cloud, formed primarily by spiral and irregular star-forming galaxies (e.g., Strateva et al. 2001; Baldry et al. 2004 ). This bimodality has been traced at increasingly higher redshifts (e.g., Ilbert et al. 2010) , showing that the most massive galaxies were the first to populate the red sequence as a result of the so-called "downsizing" (e.g., Bundy et al. 2006; Pérez-González et al. 2008; Pozzetti et al. 2010) . These properties result from several physical mechanisms for which it is necessary to evaluate the relative impact. In this paper we examine the contribution of major and minor mergers to the mass growth and size evolution of massive early-type galaxies (ETGs), based on new measurements of the pair fraction from the COSMOS 1 (Cosmological Evolution Survey, Scoville et al. 2007 ) and zCOSMOS 2 surveys. The number density of red massive galaxies with M ⋆ 10 11 M ⊙ is roughly constant since z ∼ 0.8 (Pozzetti et al. 2010 , and references therein), with major mergers (mass or luminosity ratio higher than 1/4) common enough to explain their number evolution since z = 1 (Eliche-Moral et al. 2010; Robaina et al. 2010; Oesch et al. 2010) . However, and despite that they seem "dead" since z ∼ 0.8, two observational facts rule out the pas-sive evolution of these massive galaxies after they have reached the red sequence: the presence of Recent Star Formation (RSF) episodes and their size evolution. In the former, the study of red sequence galaxies in the NUV-optical colour vs magnitude diagram reveals that ∼30% have undergone RSF, as seen from their blue NUV − r colours, both locally (Kaviraj et al. 2007 ) and at higher redshifts (z ∼ 0.6, Kaviraj et al. 2011 ). This RSF typically involves 5 − 15% of the galaxy stellar mass (Scarlata et al. 2007; Kaviraj et al. 2008 Kaviraj et al. , 2011 . Some authors suggest that minor mergers, i.e., the merger of a massive red sequence galaxy with a less massive (mass or luminosity ratio lower than 1/4), gasrich satellite, could explain the observed properties of galaxies with RSF (Kaviraj et al. 2009; Fernández-Ontiveros et al. 2011; Desai et al. 2011) .
Regarding size evolution, it is now well established that massive ETGs have, on average, lower effective radius (r e ) at high redshift than locally, being ∼ 2 and ∼ 4 times smaller at z ∼ 1 and z ∼ 2, respectively (Daddi et al. 2005; Trujillo et al. 2006 Trujillo et al. , 2007 Trujillo et al. , 2011 Buitrago et al. 2008; van Dokkum et al. 2008 van Dokkum et al. , 2010 van der Wel et al. 2008; Toft et al. 2009; Williams et al. 2010; Newman et al. 2010 Newman et al. , 2012 Damjanov et al. 2011; Weinzirl et al. 2011; Cassata et al. 2011 , but see Saracco et al. 2010 and Valentinuzzi et al. 2010b for a different point of view). ETGs as compact as observed at high redshifts are rare in the local universe Taylor et al. 2010; Cassata et al. 2011) , suggesting that they must evolve since z ∼ 2 to the present. It has been proposed that high redshift compact galaxies are the cores of present day ellipticals, and that they increased their size by adding stellar mass in the outskirts of the galaxy Hopkins et al. 2009a; van Dokkum et al. 2010) . Several studies suggest that merging, especially the minor one, could explain the observed size evolution (Naab et al. 2009; Bezanson et al. 2009; Hopkins et al. 2010b; Shankar et al. 2011; Oser et al. 2012) , while other processes, as adiabatic expansion due to AGNs or to the passive evolution of the stellar population, should have a mild role at z 1 (Fan et al. 2010; Ragone-Figueroa & Granato 2011; Trujillo et al. 2011) . In addition, a significant fraction of local ellipticals present signs of recent interactions (van Dokkum 2005; Tal et al. 2009 ).
While minor mergers are expected to contribute significantly to the evolution of massive ETGs, there is no direct observational measurement of their contribution yet. As a first attempt, the minor merger fraction of the global population of L B L * B galaxies in VVDS-Deep 3 (VIMOS VLT Deep Spectroscopic Survey, Le Fèvre et al. 2005) has been studied by López-Sanjuan et al. (2011, LS11 hereafter) , who show that minor mergers are quite common, that their importance decrease with redshift (see also Lotz et al. 2011) , and that participate to about 25% of the mass growth by merging of such galaxies. Focusing on massive galaxies, Williams et al. (2011 ), Mármol-Queraltó et al. (2012 , or Newman et al. (2012) study their total (major + minor) merger fraction to z ∼ 2, finding that it is nearly constant with redshift. In this paper we present the detailed merger history, both minor and major, of massive (M ⋆ ≥ 10 11 M ⊙ ) ETGs since z ∼ 1 using close pair statistics in the COSMOS field, and use it to infer the role of major and minor mergers in the mass assembly and in the size evolution of these systems in the last ∼ 8 Gyr.
The paper is organized as follow. In Sect. 2 we present our photometric catalogue in the COSMOS field, while in Sect. 3 we review the methodology used to measure close pairs merger fractions when photometric redshifts are used. We present our merger fractions of massive galaxies in Sect. 4, and the inferred 3 http://cesam.oamp.fr/vvdsproject/vvds.htm merger rates for ETGs in Sect. 5. The role of mergers in the mass assembly and in the size evolution of massive galaxies is discussed in Sect. 6, and in Sect. 7 we present our conclusions. Throughout this paper we use a standard cosmology with Ω m = 0.3, Ω Λ = 0.7, H 0 = 100h Km s −1 Mpc −1 and h = 0.7. Magnitudes are given in the AB system.
The COSMOS photometric catalogue
We use the COSMOS catalogue with photometric redshifts derived from 30 broad and medium bands described in Ilbert et al. (2009) and Capak et al. (2007) , version 1.8. We restrict ourselves to objects with i + ≤ 25. The detection completeness at this limit is higher than 90% (Capak et al. 2007) . In order to obtain accurate colours, all the images were degraded to the same point spread function (PSF) of 1.5
′′ . At i + ∼ 25, the rms accuracy of the photometric redshifts (z phot ) at z 1 is ∼ 0.04 in (z spec − z phot )/(1 + z spec ), where z spec is the spectroscopic redshift of the sources (Fig. 9 in Ilbert et al. 2009 ). At z > 1 the quality of the photometric redshifts quickly deteriorates. Additionally, and because we are interested on minor companions, we require a detection in the K s band to ensure that the stellar mass estimates are reliable, thus we add the constraint K s ≤ 24.
Stellar masses of the photometric catalogue have been derived following the same approach than in Ilbert et al. (2010) . We used stellar population synthesis models to convert luminosity into stellar mass (e.g., Bell et al. 2003; Fontana et al. 2004) . The stellar mass is the factor needed to rescale the best-fit template (normalized at one solar mass) for the intrinsic luminosities. The Spectral Energy Distribution (SED) templates were generated with the stellar population synthesis package developed by Bruzual & Charlot (2003, BC03) . We assumed a universal initial mass function (IMF) from Chabrier (2003) and an exponentially declining star formation rate, S FR ∝ e t/τ (τ in the range 0.1 Gyr to 30 Gyr). The SEDs were generated for a grid of 51 ages (in the range 0.1 Gyr to 14.5 Gyr). Dust extinction was applied to the templates using the Calzetti et al. (2000) law, with E(B − V) in the range 0 to 0.5. We used models with two different metallicities. Following Fontana et al. (2006) and Pozzetti et al. (2007) , we imposed the prior E(B − V) < 0.15 if age/τ > 4 (a significant extinction is only allowed for galaxies with a high S FR). The stellar masses derived in this way have a systematic uncertainty of ∼0.3 dex (e.g., Pozzetti et al. 2007; Barro et al. 2011) .
We supplement the previous photometric catalogue with the spectroscopic information from zCOSMOS survey, a large spectroscopic redshift survey in the central area of the COSMOS field. In this analysis we use the final release of the bright part of this survey, called the zCOSMOS-bright 20k sample. This is a pure magnitude selected sample with I AB ≤ 22.5. For a detailed description and relevant results of the previous 10k release, see Lilly et al. (2009); Tasca et al. (2009); Pozzetti et al. (2010) or Peng et al. (2010) . A total of 20604 galaxies have been observed with the VIMOS spectrograph (Le Fèvre et al. 2003) in multi-slit mode, and the data have been processed using the VIPGI data processing pipeline (Scodeggio et al. 2005) . A spectroscopic flag has been assigned to each galaxy providing an estimate of the robustness of the redshift measurement . If a redshift has been measured, the corresponding spectroscopic flag value can be 1, 2, 3, 4 or 9. Flag = 1 meaning that the redshift is 70% secure and flag = 4 that the redshift is ∼ 99% secure. Flag = 9 means that the redshift measurement relies on one single narrow emission line (O ii or Hα mainly). The information about the consistency between photometric and Fig. 1 . Stellar mass as a function of redshift in the COSMOS field. Red dots are principal galaxies (M ⋆ ≥ 10 11 M ⊙ ) with z phot in the zCOSMOS area, blue dots are companion galaxies (M ⋆ ≥ 10 10 M ⊙ ) with z phot in the COSMOS area, and black dots are the red galaxies (NUV −r + ≥ 3.5) with z phot in the COSMOS area. We only show a random 15% of the total populations for visualisation purposes. Green squares mark those galaxies in previous populations with a spectroscopic resdhift. The vertical lines marks the lower and upper redshift in our study, while the horizontal ones the mass selection of the principal (solid) and the companion (dashed) samples. spectroscopic redshifts has also been included as a decimal in the spectroscopic flag. In this study we select the highest reliable redshifts, i.e. with confidence class 4. 5, 4.4, 3.5, 3.4, 9.5, 9.3, and 2.5 . This flag selection ensures that 99% of redshifts are believed to be reliable based on duplicate objects (Lilly et al. 2009 ).
Our final COSMOS catalogue comprises 134028 galaxies at 0.1 ≤ z < 1.1, our range of interest (see Sect. 2.1). Nearly 35% of the galaxies with i + 22.5 have a high reliable spectroscopic redshift. For consistency and to avoid systematics, we always use the stellar masses and other derived quantities from the photometric catalogue. We checked that the dispersion when comparing stellar masses from z phot and z spec is ∼ 0.15 dex, lower than the typical error in the measured stellar masses (∼ 0.3 dex). Thanks to the methodology developed in López-Sanjuan et al. (2010a) we are able to obtain reliable merger fractions from photometric catalogues under some quality conditions (Sect. 3). We check that the COSMOS catalogue is adequate for our purposes in Sects. 3.2 and 3.3.
Definition of the mass-selected samples
We define two samples selected in stellar mass. The first one comprises 2047 principal massive galaxies in the zCOSMOS area, where spectroscopic information is available, with Ilbert et al. 2010) at 0.1 ≤ z < 1.1. The second sample comprises the 23992 companion galaxies with M ⋆ ≥ 10 10 M ⊙ in the full COSMOS area and in the same redshift range. The mass limit of the companion sample ensures completeness for red galaxies up to z ∼ 0.9 (Drory et al. 2009; Ilbert et al. 2010) . Because of that, we set z up = 0.9 as the upper redshift in our study, while z down = 0.2 to probe enough cosmological volume. However, our methodology takes into account the photometric redshift errors (see Sect. 3, for details), so we must include in the samples not only the sources with z < z up , Fig. 2 . ∆ z as a function of redshift in the mass-selected sample, from M ⋆ ≥ 10 11 M ⊙ (thiner line) to 10 10 M ⊙ < M ⋆ ≤ 10 10.2 M ⊙ (thicker line) galaxies in bins of 0.2 dex. The black solid line marks the photometric errors of blue galaxies in the lower mass bin, while the dashed line is for red galaxies in the same mass bin. The vertical line marks the higher redshift in our samples, z max = 1.1. The horizontal line marks the median ∆ z for lowmass galaxies at 1 ≤ z < 1.1, ∆ z = 0.015. but also those sources with z − 2σ phot < z up in order to ensure completeness in redshift space. Because of this, we set the maximum and minimum redshift of the catalogues to z min = 0.1 and z max = 1.1. We show the mass distribution of our samples as a function of z in Fig. 1 , and we assume our samples as as volumelimited mass-selected in the following.
Our final goal is to measure the merger fraction and rate of massive ETGs, but the our principal sample comprises ETGs, spirals and irregulars. We segregate morphologically our principal sample thanks to the morphological classification defined in Tasca et al. (2009) . Their method use as morphological indicator the distance of the galaxies in the multi-space C − A − G (Concentration, Asymmetry and Gini coefficient) to the position in this space of a training sample of ∼500 eye-ball classified galaxies. These morphological indices were measured in the HST/ACS images of the COSMOS field, taken through the wide F814W filter (Koekemoer et al. 2007 ). We refer the reader to Tasca et al. (2009) for further details. The morphological classification in the COSMOS field is reliable for galaxies brighter than i + < 24, and all our principal galaxies are brighter than i + < 23.5 up to z = 1. According to the classification presented in Tasca et al. (2009) our principal sample comprises 1285 (63%) ETGs (E/S0) and 632 (31%) spiral galaxies. The remaining 6% sources are half irregulars (65 sources) and half massive galaxies without morphological classification (65 sources). The mean mass of both ETGs and spirals is similar, M ⋆ ∼ 10 11.2 M ⊙ .
Dependence of photometric errors on stellar mass
The quality of the photometric redshifts in COSMOS decreases for faint objects in the i + band ). In this section we study in details how redshift errors depend on the mass of the sources, since this imposes limits on our ability of measure reliable merger fractions in photometric catalogues (Sect. 3.2). As shown by Ilbert et al. (2010) , we can estimate the photometric redshift error (σ z phot ) from the Probability Distribution Function of the photometric redshift fit. In Fig. 2 we show the median ∆ z, phot ≡ σ z phot /(1 + z phot ) of galaxies with differ-ent stellar masses, from M ⋆ ≥ 10 11 M ⊙ (massive galaxies) to 10 10 M ⊙ < M ⋆ ≤ 10 10.2 M ⊙ (low-mass galaxies) in bins of 0.2 dex.
Massive galaxies are bright in the whole redshift range under study, thus their photometric errors are small up to z ∼ 1, ∆ z, phot ∼ 0.005. On the other hand, low-mass galaxies are fainter at high redshift than their local counterparts, so their their photometric errors increase with z and reach ∆ z, phot ∼ 0.015 at z ∼ 1. We study separately the photometric errors of low-mass red and blue galaxies. We take as red galaxies those with SED colour NUV − r + ≥ 3.5, while as blue those with NUV − r + < 3.5 (see Ilbert et al. 2010 , for details). Blue galaxies also have ∆ z, phot ∼ 0.015 up to z ∼ 1, while red galaxies have higher photometric redshift errors, with ∆ z, phot ∼ 0.020 at z = 0.95 and ∆ z, phot ∼ 0.040 at z = 1.05. This different behaviour can be explained by the different mass-to-light ratio (M ⋆ /L) of both populations. Faint (i + ∼ 25) blue galaxies, which photometric errors are higher, reach masses as low as M ⋆ ∼ 10 8.5 M ⊙ at z ∼ 1. On the other hand, we are in the detection limit for red galaxies at these redshift (these red galaxies have i + ∼ 25, Sect. 2.1), explaining their high photometric redshift errors. In Sect. 3.2 we prove that our methodology is able to recover reliable merger fractions in COSMOS samples with ∆ z, phot 0.040, as those in our study.
Close pairs using photometric redshifts
The linear distance between two sources can be obtained from their projected separation, r p = θd A (z i ), and their rest-frame relative velocity along the line of sight, ∆v = c |z j − z i |/(1+z i ), where z i and z j are the redshift of the principal (more luminous/massive galaxy in the pair) and companion galaxy, respectively; θ is the angular separation, in arcsec, of the two galaxies on the sky plane; and d A (z) is the angular scale, in kpc/arcsec, at redshift z. Two galaxies are defined as a close pair if r min p ≤ r p ≤ r max p and ∆v ≤ ∆v max . The lower limit in r p is imposed to avoid seeing effects. We used r min p = 10h −1 kpc, r max p = 30h −1 kpc, and ∆v max = 500 km s −1 . With these constraints 50%-70% of the selected close pairs will finally merge (Patton et al. 2000; Patton & Atfield 2008; Lin et al. 2004; Bell et al. 2006) . The PSF of the COSMOS ground-based images is 1.5 ′′ (Capak et al. 2007) , which corresponds to ∼ 8h −1 kpc in our cosmology at z ∼ 0.9. To ensure well deblended sources and minimize colour contamination, we fixed r min p to 10h −1 kpc (θ 2 ′′ ). On the other hand, we set r max p to 30h −1 kpc to ensure reliable merger fractions in our study (see Sect. 3.2 for details).
To compute close pairs we defined a principal and a companion sample (Sect. 2.1). The principal sample contains the more massive galaxy of the pair, and we looked for those galaxies in the companion sample that fulfil the close pair criterion for each galaxy of the principal sample. If one principal galaxy has more than one close companion, we take each possible pair separately (i.e., if the companion galaxies B and C are close to the principal galaxy A, we study the pairs A-B and A-C as independent). In addition, we impose a mass difference between the pair members. We denote the ratio between the mass of the principal galaxy, M ⋆,1 , and the companion galaxy, M ⋆,2 , as
and looked for those systems with M ⋆,2 ≥ µM ⋆,1 . We define as major companions those close pairs with µ ≥ 1/4, while minor companions those with 1/10 ≤ µ < 1/4.
With the previous definitions the merger fraction is
where N 1 is the number of sources in the principal sample, and N p the number of principal galaxies with a companion that fulfil the close pair criterion for a given µ. This definition applies to spectroscopic volume-limited samples. Our samples are volumelimited, but combine spectroscopic and photometric redshifts. In a previous work, López-Sanjuan et al. (2010a) developed a statistical method to obtain reliable merger fractions from photometric catalogues. We remind the main points of this methodology below, while we study its limits when applied to our COSMOS photometric catalogue in Sect. 3.2. We use the following procedure to define a close pair system in our photometric catalogue (see López-Sanjuan et al. 2010a , for details): first we search for close spatial companions of a principal galaxy, with redshift z 1 and uncertainty σ z 1 , assuming that the galaxy is located at z 1 − 2σ z 1 . This defines the maximum θ possible for a given r max p in the first instance. If we find a companion galaxy with redshift z 2 and uncertainty σ z 2 in the range r p ≤ r max p and with a given mass with respect to the principal galaxy, then we study both galaxies in redshift space. For convenience, we assume below that every principal galaxy has, at most, one close companion. In this case, our two galaxies could be a close pair in the redshift range
Because of variation in the range [z
, a sky pair at z 1 − 2σ z 1 might not be a pair at z 1 + 2σ z 1 . We thus impose the condition r
, and redefine this redshift interval if the sky pair condition is not satisfied at every redshift. After this, our two galaxies define the close pair system k in the redshift interval [z
, where the index k covers all the close pair systems in the sample. The next step is to define the number of pairs associated at each close pair system k. For this, we suppose in the following that a galaxy i in whatever sample is described in redshift space by a probability distribution P i (z i | η i ), where z i is the source's redshift and η i are the parameters that define the distribution. If the source i has a photometric redshift, we assume that
while if the source has a spectroscopic redshift
where δ(x) is delta's Dirac function. With this distribution we are able to statistically treat all the available information in z space and define the number of pairs at redshift z 1 in system k as
where
the subindex 1 [2] refers to the principal [companion] galaxy in k system, and the constant C k normalizes the function to the total number of pairs in the interest range
Note that
[6]) tells us how the number of pairs in the system k, N k p , are distributed in redshift space. The integral in Eq. (6) spans those redshifts in which the companion galaxy has ∆v ≤ ∆v max for a given redshift of the principal galaxy.
With previous definitions, the number of pairs in the interval
where the index l spans the redshift intervals defined over the redshift range under study. If we integrate over the whole redshift space, z r = [0, ∞], Eq. (10) becomes
where k N k p is analogous to N p in Eq. (2). In order to estimate the statistical error of f m,l , denoted σ stat,l , we use the jackknife technique (Efron 1982) . We compute partial standard deviations, δ k , for each system k by taking the difference between the measured f m,l and the same quantity with the kth pair removed for the sample, f
For a redshift range with N p systems, the variance is given by σ
When N p ≤ 5 we used instead the Bayesian approach of Cameron (2011) , that provides accurate asymmetric confidence intervals in these low statistical cases. We check that for N p > 5 both jackknife and Bayesian methods provide similar statistical errors within 10%.
Dealing with border effects
When we search for close companions near to the edges of the images it may happen that a fraction of the search volume is outside of the surveyed area, lowering artificially the number of companions. To deal with this we select as principal galaxies those in the zCOSMOS area, i.e., in the central 1.6 deg 2 , while we select as companions those in the whole photometric COSMOS area. This maximize the spectroscopic fraction of the principal sample and ensures that we have companions inside all the searching volume.
Testing the methodology with 20k spectroscopic sources
Following López-Sanjuan et al. (2010a), we test in this section if we are able to obtain reliable merger fractions from our COSMOS photometric catalogue. For this, we study the merger fraction f m in the zCOSMOS-bright 20k sample. The merger fraction in the 10k sample is studied in details by de Ravel et al. (2011) and Kampczyk et al. (2011) . We defined f spec as the fraction of sources on a given sample with spectroscopic redshift. The 20k sample has f spec = 1, while the COSMOS photometric catalogue has f spec = 0.34 for i + ≤ 22.5 galaxies. In this section we only use the N = 10542 sources at 0.2 ≤ z < 0.9 with a high reliable spectroscopic redshift from the 20k sample.
To test our method at intermediate f spec , we created synthetic catalogues by assigning their measured z phot and σ z phot to N(1 − f spec ) random sources of the 20k sample (we denote this case as A = 1 in the following). To explore different values of ∆ z , we assigned to the previous random sources a redshift as drawn for a Gaussian distribution with median z phot and σ 2 = (A 2 −1) σ 2 z phot , where A > 1 is the factor by which we increase the initial ∆ z of the sample. In this case, the redshift error of the source is A σ z phot . Then, we measure
where f 20k m is the measured merger fraction in the 20k spectroscopic sample at 0.2 ≤ z < 0.9 without imposing any mass or luminosity difference and f syn m is the merger fraction from the synthetic samples in the same redshift range. When A > 1, we repeated the process ten times and averaged the results.
We explore several cases with our synthetic catalogues. For example, we assume that all sources in the synthetic principal catalogue (subindex 1) and in the companion one (subindex 2) have a photometric redshift, f spec,1 = f spec,2 = 0, and that ∆ z,1 = ∆ z,2 = 0.007 (A 1 = A 2 = 1). We also contemplate more realistic cases, as f spec,1 = 0.3 and ∆ z,1 = 0.007 (A 1 = 1) for principals, and f spec,2 = 0 and ∆ z,2 = 0.042 (A 2 = 6) for companions. We found that δ f m is higher than 10% for r max p = 30h −1 kpc close pairs for ∆ z,2 0.05 (A 2 7) and realistic values of ∆ z,1 . We On the other hand, we found that the σ stat of the f syn m is ∼ 5% of the measured value, i.e., two times lower than the estimated | δ f m | ∼ 10%. Because of this, and to ensure reliable uncertainties in the merger fractions, we impose a minimum error in f m of 10%, and we take as final merger fraction error σ f m = max(0.1 f m , σ stat ).
In the next section we test further our methodology by comparing the merger fraction from a spectroscopic survey ( f spec = 1) against that in COSMOS from our photometric catalogue. We find that VVDS-Deep and COSMOS merger fractions are in excellent agreement in the first redshift range, while in the second redshift range some discrepancies exist, with the merger fraction in COSMOS being higher than in VVDS-Deep at µ 1/5. However, both studies are compatible within error bars. Note that merger fraction uncertainties in COSMOS are ∼ 3 times lower than in VVDS-Deep because of the higher number of principals in COSMOS. We checked the effect of comic variance in this comparison. For that, we split the zCOS-MOS area in several VVDS-Deep size (∼0.5 deg 2 ) subfields and measured the merger fraction in these subfields. The maximum and minimum values of f m in these subfields, including 1σ f m errors, are marked in Fig. 3 with solid lines. We find that, within 1σ f m , there is a zCOSMOS subfield with merger properties similar to the VVDS-Deep field. Because the zCOSMOS subfields are contiguous, this exercise provides a lower limit to the actual cosmic variance in the COSMOS field (e.g., Moster et al. 2011) . Hence, we conclude that our methodology is able to recover reliable minor merger fractions from photometric samples in the COSMOS field.
Comparison with merger fractions in VVDS-

The merger fraction of massive ETGs in the COSMOS field
The final goal of the present paper is to estimate the role of mergers (minor and major) in the mass assembly and size evolution of massive ETGs. To facilitate future comparison, we present first the merger properties of the global massive population in Sect. 4.1. Then, we focus in the ETGs population in Sect. 4.2. The evolution of the merger fraction with redshift up to z ∼ 1.5 is well parametrized by a power-law function (e.g., Le Fèvre et al. 2000; López-Sanjuan et al. 2009; de Ravel et al. 2009) ,
so we take this parametrization in the following.
The merger fraction of the global massive population
We summarize the minor, major and total merger fractions for M ⋆ ≥ 10 11 M ⊙ galaxies in the COSMOS field in Table 1 and we show them in Fig. 4 . We defined five redshift bins between z down = 0.2 and z up = 0.9 both for minor and major mergers. The ranges 0.3 < z < 0.375, 0.7 < z < 0.75 and 0.825 < z < 0.85 are dominated by Large Scale Structures (LSS, Kovač et al. 2010 ), so we use these LSS as natural boundaries in our study. This minimizes the impact of LSS in our measurements, since the merger fraction depends on environment (Lin et al. 2010; de Ravel et al. 2011; Kampczyk et al. 2011 ). We identify a total of 56.2 major mergers and 71.1 minor ones at 0.2 ≤ z < 0.9. Note that the number of mergers can be a float number because of the weighting scheme used in our methodology (Sect. 3). We find that
• The minor merger fraction is nearly constant with redshift, f mm ∼ 0.051 . The least-squares fit to the minor merger fraction data is
The negative value of the power-law index implies that the minor merger fraction decreases slightly with redshift, but it is consistent with a null evolution (m mm = 0). This confirms the trend found by LS11 for bright galaxies and by Lotz et al. (2011) for less massive (M ⋆ ≥ 10 10 M ⊙ ) galaxies, and extend it to the high mass regime.
• The major merger rate of massive galaxies increases with redshift as
This increase with z contrast with the nearly constant minor merger fraction. In Fig. 5 we compare our measurements with those from the literature for massive galaxies and for r −1 kpc spectroscopic close pairs. Because they assume a different inner radius than us, we apply a factor 2/3 to their original values (see Sect. 5, for details). Both merger fractions are in good agreement, supporting our methodology. Note that our uncertainties are lower by a factor of three than those in de because our principal sample is a factor of four larger than theirs. Xu et al. (2012) measure the merger fraction from photometric close pairs also in the COSMOS field. They provide the fraction of galaxies in close pairs with µ ≥ 1/2.5, so we apply a factor 0.7 to obtain the number of close pairs We cannot compare directly their merger fractions with ours because of the different methodologies (e.g., Bridge et al. 2010; Lotz et al. 2011 ). Thus, we translate they merger rates into the expected close pair fraction following the prescriptions in Sect. 5. Giving the uncertainties in the merger time scales of both methods and the difficulties to assign a precise mass ratio µ to the merger candidates in morphological studies, the merger fractions from Bridge et al. (2010, stars in Fig. 5 ) are in nice agreement with our results.
• The fit to the total merger fraction is
This evolution is slower than the major merger one, reflecting the different properties of minor and major mergers. We compare our total merger fractions with others in the literature in Fig 10 M ⊙ galaxies in the AEGIS 7 (All-Wavelength Extended Groth Strip International Survey, Davis et al. 2007 ) survey. The different methodologies between these works and ours and the different stellar mass regimes probed make direct comparisons difficult (see Bridge et al. 2010; Lotz et al. 2011 , for a review of this topic). In summary, previous work is compatible with a mild evolution of the total merger fraction, as we observe.
The merger fraction of ETGs
We summarize the minor and major merger fractions for both ETGs and spiral galaxies in the COSMOS field in Tables 2 and 3 , respectively, while show them in Fig. 7 . We defined five redshift bins between z down = 0.2 and z up = 0.9 for ETGs, as for the global population, but only three in the case of spirals because of the lower number of principal sources. We assume m mm = 0 in the following for the minor merger fraction, as for the global population (Sect. 4.1). The mean minor merger fraction of ETGs is f ET mm = 0.060, while f spiral mm = 0.023 for spirals. There is therefore a factor of three difference between the merger fractions of early type and late type populations. LS11 also find a similar result when comparing the minor merger fraction of red and blue bright galaxies.
On the other hand, the major merger fraction of ETGs is also higher than that of spirals by a factor of two. The fit to the major merger data yields
Because we only have three data points for spirals and of the high uncertainty in the first redshift bin, the found value of m MM for massive spirals is only tentative. Nevertheless, that the major merger fraction of spirals evolves faster than that of ETGs is in agreement with previous studies which compare early-types/red and late-types/blue galaxies (e.g., Lin et al. 2008; de Ravel et al. 2009; Bundy et al. 2009; Chou et al. 2011; LS11) . In summary, the merger fraction of massive (M ⋆ ≥ 10 11 M ⊙ ) ETGs, both major and minor, is higher by a factor of 2-3 than that of massive spirals (see also Mármol-Queraltó et al. 2012 , Fig. 7 . Major (upper) and minor (lower) merger fractions of M ⋆ ≥ 10 11 M ⊙ galaxies as a function of redshift and morphology. Dots are for ETGs, while squares are for spirals. Dashed (solid) lines are the best fit to the early-type (spiral) data, while dotted lines are the fits for the global population.
for a similar result). We estimate the merger rate of ETGs in Sect. 5.
Colour properties of companion galaxies
In this section we attempt to identify the types of galaxies in the companion population. As the morphological classification is not reliable for all companions because they are faint, we instead use a colour selection. We split our companion galaxies into red (NUV −r + ≥ 3.5) and blue (NUV −r + < 3.5, Ilbert et al. 2010) , and measure the fraction of red companions ( f red ) of massive galaxies at 0.2 ≤ z < 0.9.
We find that 62% of the companions of the whole principal sample are red, while ∼ 38% are blue. Furthermore, the red fraction remains nearly the same for minor ( f red = 60%) and major ( f red = 64%) companions. When we repeat the previous study focusing on massive ETGs, we find f red ∼ 65%, both for minor and major companions. This implies that most of our close pairs are "dry" (i.e., red -red).
The merger rate of massive ETGs in the COSMOS field
In this section we estimate the minor (R mm ) and major (R MM ) merger rate, defined as the number of mergers per galaxy and Gyr, of massive ETGs. We remind here the steps to compute the merger rate from the merger fraction, focusing first on the major merger rate.
Following de Ravel et al. (2009), we define the major merger rate as
where the factor C p takes into account the lost companions in the inner 10h −1 kpc (Bell et al. 2006 ) and the factor C m is the fraction of the observed close pairs that finally merge in a typical time scale T MM . We take C p = 3/2. The typical merger time scale depends on r max p and can be estimated by cosmological and N-body simulations. In our case, we compute the major merger time scale from the cosmological simulations of Kitzbichler & White (2008) , based on the Millennium simulation (Springel et al. 2005 ). This major merger time scale refers to major mergers (µ > 1/4 in stellar mass), and depends mainly on r max p and on the stellar mass of the principal galaxy, with a weak dependence on redshift in our range of interest (see de Ravel et al. 2009 , for details). Taking log (M ⋆ /M ⊙ ) = 11.2 as the average stellar mass of our principal galaxies with a close companion, we obtain T MM = 1.0 ± 0.2 Gyr for r max p = 30h −1 kpc and ∆v max = 500 km s −1 . We assume an uncertainty of 0.2 dex in the average mass of the principal galaxies to estimate the error in T MM . This time scale already includes the factor C m (see Patton & Atfield 2008; Bundy et al. 2009; Lin et al. 2010 , LS11), so we take C m = 1 in the following. In addition, LS11 show that time scales from Kitzbichler & White (2008) are equivalent to those from the N−body/hydrodynamical simulations by Lotz et al. (2010b) , and that they account properly for the observed increase of the merger fraction with r max p (see also de Ravel et al. 2009 ). We stress that these merger time scales have an additional factor of two uncertainty in their normalization (e.g., Hopkins et al. 2010c; Lotz et al. 2011) .
The minor merger rate is
where T mm = Υ × T MM . Following LS11, we take Υ = 1.5±0.1 from the N−body/hydrodynamical simulations of major and minor mergers performed by Lotz et al. (2010b ,a, see also Lotz et al. 2011 . As for major mergers, we assume C p = 3/2 and C m = 1. We summarize the merger rates of massive ETGs in Table 4 , and show them in Fig. 8 . We parametrize their redshift evolution as
Assuming n mm = 0 for minor mergers, as for the merger fraction (Sect. 4.2), we find R ET mm = 0.060 ± 0.008 Gyr −1 . The fit of the major merger rate of massive ETGs is
Our results imply that the minor merger rate is higher than the major merger one at z 0.5. In addition, the minor and major merger rates of massive ETGs are ∼ 20% higher than for the global population.
In Fig. 8 we also show the minor and major merger rates of red bright galaxies measured by LS11. We find that red galaxies have similar merger rates, both minor and major, as our massive ETGs. This suggests that massive red sequence galaxies have similar merger properties: nearly 95% of our ETGs are red, while the mean mass of the red galaxies in LS11 is M ⋆,red ∼ 10 10.8 M ⊙ , a factor of two less massive than our ETGs, M ⋆,ET ∼ 10 11.2 M ⊙ . The study of the merger properties of red sequence galaxies as a function of stellar mass is beyond the scope of this paper and we explore this issue in a future work.
The role of mergers in the evolution of massive ETGs since z = 1
In this section we use the previous merger rates to estimate the number of minor and major mergers per massive (M ⋆ ≥ 
10
11 M ⊙ ) ETG since z = 1 (Sect. 6.1) and the impact of mergers in their mass growth (Sect. 6.2) and size evolution (Sect. 6.3) in the last ∼8 Gyr.
Number of minor mergers since z = 1
We can obtain the average number of minor mergers per ETG between z 2 and z 1 < z 2 as
where ∼ 0.20. We refer the reader to LS11 for the discussion about the role of major and minor mergers in the evolution of spiral galaxies. In their work, Pozzetti et al. (2010) find that almost all the evolution in the stellar mass function since z ∼ 1 is a consequence of the observed star formation (see also Vergani et al. 2008) , and estimate that N m ∼ 0.7 mergers since z ∼ 1 per log (M ⋆ /M ⊙ ) ∼ 10.6 galaxy are needed to explain the remaining evolution. Their result is similar to our direct estimation for the global massive population (ETGs + spirals), N m = 0.75 ± 0.14, but they infer N MM < 0.2. This value is half of ours, N MM = 0.36 ± 0.13, pointing out that close pair studies are needed to understand accurately the role of major/minor mergers in galaxy evolution.
Mass assembled through mergers since z = 1
Following LS11, we estimate the mass assembled due to mergers by weighting the number of mergers in the previous section with the average major (µ MM ) and minor merger (µ mm ) mass ratio,
To obtain the average mass ratios we measure the merger fraction of massive ETGs at 0.2 ≤ z < 0.9 for different values of µ, from µ = 1/2 to 1/10. Then, we fitted to the data a powerlaw, f m (µ) ∝ µ s , and used the prescription in LS11 to estimate the average merger mass ratio from the s value. Following those steps we find s = −0.95 for massive ETGs in COSMOS, while the average merger mass ratios are µ MM = 0.48 and µ mm = 0.15, similar to those values reported by LS11. With all previous results we obtain that mergers with µ ≥ 1/10 increase the stellar mass of massive ETGs by δM ⋆ = 28 ± 8% since z = 1. LS11 find δM ⋆ (1) = 40 ± 10% for red bright galaxies in VVDS-Deep, consistent with our measurement within errors. We note that they use B−band luminosity as a proxy of stellar mass, so their value is an upper limit due to the lower mass-to-light ratio of blue companions. Bluck et al. (2011) study the major and minor (µ ≥ 1/100) merger fraction of massive galaxies at 1.7 < z < 3 in GNS 8 (GOODS NICMOS Survey, Conselice et al. 2011 ). They extrapolate their results to lower redshifts, estimating δM ⋆ (1) = 30 ± 25% for µ ≥ 1/10 mergers. They value is in good agreement with our measurement, but its large uncertainty prevents a quantitative comparison.
The relative contribution of major/minor mergers to our inferred mass growth is 75%/25% because the average major merger is three times more massive than the average minor one, as already pointed out by LS11. In their cosmological model, Hopkins et al. (2010a) predict that the relative contribution of major and minor mergers in the spheroids assembly of log (M ⋆ /M ⊙ ) ∼ 11.2 galaxies is ∼ 80%/20%, in good agreement with our observational result.
On the other hand, several authors have studied luminosity functions and clustering to constrain the evolution of luminous red galaxies (LRGs) with redshift, finding that LRGs have increased their mass δM ⋆ ∼ 30%−50% by merging since z = 1 (Brown et al. 2007 (Brown et al. , 2008 Cool et al. 2008) . Their results are similar to our direct estimation, but we must take this agreement with caution. Tal et al. (2012) show that LRGs have a lack of major companions, excluding major mergers as an important growth channel (see also De Propris et al. 2010) . Typically LRGs have L 3L * , and a low impact of major mergers in this systems is indeed expected by cosmological models, where the contribution of major mergers in galaxy mass assembly peaks at ∼ M * ⋆ Hopkins et al. 2010a; Cattaneo et al. 2011) . Thus, even if the values of δM ⋆ are similar for LRGs and our massive galaxies, they could have a different origin. A better approach to estimate indirectly the impact of mergers in mass growth is to study the evolution of massive red galaxies at a fixed number density: because they are red (i.e., they have low star formation), their mass is expected to growth only by merging. Following this approach, van and Brammer et al. (2011) estimate δM ⋆ (1) ∼ 40% for massive galaxies in the NEWFIRM MediumBand Survey 9 (van Dokkum et al. 2009 ). Their result represents the integral over all possible µ values, so in combination with our δM ⋆ (1) ∼ 30% for µ ≥ 1/10, this would imply that (i) µ ≥ 1/10 mergers dominates the mass assembly of massive galaxies since z = 1 and (ii) there is room for an extra δM ⋆ ∼ 10% growth due to very minor mergers (µ < 1/10).
Size growth due to mergers since z = 1
Since the first results of Daddi et al. (2005) and Trujillo et al. (2006) , several authors have studied in detail the size evolution of massive ETGs with cosmic time. It is now well established that ETGs were smaller, on average, than their local counterparts of a given stellar mass by a factor of two at z = 1 and of four at z = 2 (Sect. 1). The size evolution is usually parametrized as
where r e is the effective radius of the galaxy. Despite of all observational efforts, the value of α is still in debate, spanning the range α = 0.9 − 1.5 (see references in Sect. 1), as well as its dependency on stellar mass (massive galaxies evolve faster, Williams et al. 2010 , or not, Damjanov et al. 2011 ). In the following we assume as fiducial α value the value reported by van der Wel et al. (2008) from a combination of several analy-sis, α = 1.2 (δr e = 0.43 at z = 1), with an uncertainty of 0.2 (dott-dashed line in Fig. 9 ). Two main effects could explain the size evolution of ETGs: the progenitor bias and genuine size growth. The number density of massive (red) galaxies at z = 2 is ∼ 15 − 30% of that in the local universe (e.g., Arnouts et al. 2007; Pérez-González et al. 2008; Williams et al. 2010; Ilbert et al. 2010) , and those ETGs that have reached the red sequence at later times are systematically more extended than those which did it at high redshift. This effect is called the progenitor bias and mimic a size growth (see van der Wel et al. 2009a; Valentinuzzi et al. 2010a,b; Cassata et al. 2011 , for further datails). Both van der Wel et al. (2009a) and Saglia et al. (2010) estimate that the progenitor bias of massive ETGs accounts for a factor 1.25 (δr e = 0.8) of the size evolution since z = 1, and we assume this value in the following.
Regarding size growth, several authors have suggested that compact galaxies at z ∼ 2 are the cores of present day massive ellipticals, and that they increase their size by adding stellar mass in the outskirts of the compact high redshift galaxy Hopkins et al. 2009a; van Dokkum et al. 2010) . The fact that the more compact galaxies at z ∼ 0.1 ) and z ∼ 1 (Martinez-Manso et al. 2011) have similar young ages (∼ 1 − 2 Gyr), combined with their paucity in the local universe Taylor et al. 2010; Cassata et al. 2011 ) also support the size evolution of these systems along cosmic time. Mergers, specially the minor ones, have been proposed to explain this evolution (e.g., Naab et al. 2009; Bezanson et al. 2009; Hopkins et al. 2010b ). Adiabatic expansion due to AGN activity (Fan et al. 2010) or stellar evolution (Damjanov et al. 2009 ) could also play a role. Thanks to our direct measurements of the minor and major merger rate of massive ETGs, we are able to explore the contribution of mergers to the size growth of these galaxies in the last ∼ 8 Gyr.
Theory and simulations show that equal-mass mergers between two spheroidal galaxies are less effective in increasing the size of ETGs than a major/minor merger with a less dense galaxy, both spiral and spheroidal. In the first case the increase in size is proportional to the accreted mass, r e ∝ M β ⋆ , with β = 1, while in the second case the index is higher and spans a wide range, β ∼ 1.5 − 2.5 (e.g., Bezanson et al. 2009; Hopkins et al. 2010b ). In our case, we estimate β for a given µ from the relation between the initial (r e,i ) and the final effective radius (r e,f ) of an ETG in a merger process derived by Fan et al. (2010) ,
where ǫ is the slope of the stellar mass vs size relation. In their work, Damjanov et al. (2011) find ǫ = 0.51 for early-type galaxies in the range 0.2 < z < 2 (see also Williams et al. 2010; Newman et al. 2012 ), similar to the ǫ = 0.56 from Shen et al. (2003) in SDSS or the ǫ ∼ 0.5 expected from the Faber-Jackson relation (Faber & Jackson 1976) . However, not all the observed mergers are between two early-type galaxies. Using colour as a proxy for the morphology of our companion galaxies, we find that 65% of the mergers are "dry" (red -red), while 35% are "mixed" (red -blue), for both major and minor mergers (Sect. 4.3). In the mixed case we use ǫ = 0.27, a value estimated from the data of Shen et al. (2003) for late-type galaxies in our mass range of interest. Finally, we obtain the β for a given µ as 0.65β dry + 0.35β mixed . Using the average mass ratios µ MM and µ mm in Sect. 6.2, we find β MM = 1.30 for major mergers and β mm = 1.65 for minor ones. Fig. 9 . Effective radius normalized to its local value, δr e , as a function of redshift. The dott-dashed line is the observational evolution from van der Wel et al. (2008), δr e = (1 + z) −1.2 . The solid line is the evolution due to major and minor mergers (µ ≥ 1/10) expected from our results. The shaded areas in both cases mark the 68% confidence interval. The dotted line is the expected evolution when the progenitor bias (PB) is taken into account. The dashed line is the expected evolution when PB and very minor mergers (µ < 1/10) are included (see text for details).
Following Eq. (24), we trace the mass growth of massive ETGs with redshift for both minor, δM ⋆,mm (z), and major mergers, δM ⋆,MM (z). Then, we translate these mass growths to a size growth with the previous values of β,
Finally, we estimate the contribution of mergers to the total size evolution since z = 1 as
.
This model yields a size evolution due to mergers of δr m e (1) = 0.70 (α = 0.52±0.12, solid line in Fig. 9 ). This implies that observed major and minor mergers can explain ∆r e ∼ 55% of the size evolution in massive ETGs since z ∼ 1. In the following, all quoted ∆r e have a typical ∼ 15% uncertainty due to the errors in the merger rates and in the observed size evolution.
We take into account the progenitor bias by applying a linear function to the previous size growth due to mergers (dotted line in Fig. 9 ),
We obtain δr PB e (1) = 0.56 (α = 0.84 ± 0.12), thus explaining ∆r e ∼ 75% of the size evolution with our current observations. We note that this value is similar to the δr e (1) = 0.63 estimated by the simple model of van der Wel et al. (2009a) , which only includes the progenitor bias and a merger prescription from cosmological simulations. The remaining ∆r e ∼ 25% of the evolution should be explained by other physical processes (e.g., very minor mergers with µ ≤ 1/10 or adiabatic expansion) or by systematic errors in the measurements (e.g., lower merger time scales or an overestimation of the size evolution). We explore these processes/systematics in the following.
• Very minor mergers (µ < 1/10). Cosmological simulations find that µ ≥ 1/10 mergers are not the more common ones, with the merger history of massive galaxies being dominated by µ < 1/10 mergers (Shankar et al. 2010; Jiménez et al. 2011; Oser et al. 2012) . However, in this simulations the mass accretion is dominated by µ ≥ 10 events due to the low mass of the very minor companions. As we show in Sect. 6.2, a mass growth of δM ⋆ ∼ 10% due to very minor mergers since z = 1 is compatible with the observed mass assembly of massive galaxies Brammer et al. 2011 ). This translates to N vm ∼ 4 very minor mergers per massive ETG since z ∼ 1 (we assume that very minor mergers have 1/100 ≤ µ < 1/10 and estimate that µ vm ∼ 0.025 = 1/40 following the prescriptions in Sect. 6.2). Note that we can increase arbitrarily the number of very minor mergers by lowering µ vm , but not their contribution to mass growth, which is fixed. We checked that the conclusions in this section are independent of µ vm .
We estimate β vm = 1.85 for very minor mergers, thus obtaining an extra size growth of ∆r e ∼ 20% due to mergers, δr m e (1) = 0.58 and α = 0.78 ± 0.12 when all µ values are taken into account. Hence, mergers since z ∼ 1 may explain ∆r e ∼ 75% of the observed size evolution, while ∆r e ∼ 95%, with δr PB e (1) = 0.47 and α = 1.1, when the progenitor bias is taken into account (dashed line in Fig. 9 ). In this picture, nearly half of the evolution due to mergers is related to minor (µ < 1/4) events. This result reinforces our conclusion that mergers are the main contributors to the size evolution of massive ETGs since z = 1, but observational estimations of the very minor merger rate (µ < 1/10) are needed to constraint their role. As a first attempt, Mármol-Queraltó et al. (2012) find that the merger fraction of massive galaxies at z 1 for µ ≥ 1/100 satellites is two times that of µ ≥ 1/10 satellites. That suggests N vm ∼ 1, and an additional contribution for even smaller satellites (µ < 1/100) could be possible.
• Adiabatic expansion. This will occur in a relaxed system that is losing mass. As mass is lost the potential becomes shallower, so the system expands into a new stable equilibrium. The amount that a system expands depends on both the ejected mass (M ⋆,eject ) and on the time scale of the process (T eject ). Fan et al. (2008 Fan et al. ( , 2010 suggest adiabatic expansion due to quasar activity and/or supernova winds as an alternative process to explain the size growth of massive early-types, specially at z 1. These processes occur on very short time scales after the formation of the spheroid (T eject 0.5 Gyr, Ragone-Figueroa & Granato 2011), so we expect those galaxies with stellar populations older than ∼ 1 Gyr to be already located in the local stellar mass-size relation. This is not supported by observations, in which galaxies older than 3 Gyr at z ∼ 1 are still smaller than the local ones (see Trujillo et al. 2011, for details) . Interestingly, minor mergers with gas-rich satellites (∼ 35% of our observed mergers) could trigger recent star formation and AGN activity in massive early types (e.g., Kaviraj et al. 2009; Fernández-Ontiveros et al. 2011) , therefore favouring some degree of adiabatic expansion and adding an extra size growth to the merging process. Devoted N-body simulations are needed to explore this topic in details. It is also to be noted that the mass loss due to stellar winds from the passive evolution of stellar populations in a galaxy may lead to adiabatic expansion (Damjanov et al. 2009 ). Ragone-Figueroa & Granato (2011) show that a typical massive galaxy is able to eject enough mass due to galactic winds to increase its size by a factor of 1.2 in ∼ 8 Gyr. This result assumes that the potential of the galaxy is not able to retain any of the ejected mass, so this could indicate that at most ∆r e ∼ 20% of the size evolution since z = 1 could be explained by stellar winds.
• Overestimation of the size evolution. Results from Martinez-Manso et al. (2011) suggest that the photometric stellar masses of Trujillo et al. (2007) are an order of magnitude higher than those estimated from velocity dispersion measurements. This does not erase the size evolution, but makes it smaller (massive galaxies are more extended than less massive ones at a given redshift, e.g., Damjanov et al. 2011) . Taking dynamical masses (M dym ) as a reference instead of photometric ones, van der Wel et al. (2008) find α = 0.98 ± 0.11, smaller than the α = 1.20 found by the same authors from photometric studies. The same trend is found by Saglia et al. (2010) from the ESO Distant Cluster Survey 10 (EDisCS; White et al. 2005 ) galaxies: α ∼ 0.65 from dynamical masses vs α ∼ 0.85 from stellar masses after the progenitor bias is accounted for. Finally, Newman et al. (2010) find α ∼ 0.75 for M dym ≥ 10 11 M ⊙ galaxies. Assuming these smaller α values from dynamical masses, major and minor mergers account for ∆r e ∼ 65% of the size evolution, and all the evolution is explained when the progenitor bias and very minor mergers are taken into account. It is also possible that the extended, low-surface brightness envelopes of high-z galaxies were missed and their r e were correspondingly underestimated. However, deep observations in the near infrared (optical rest-frame) from space (Szomoru et al. 2010; Cassata et al. 2010 ) and from groundbased facilities with adaptive optics (Carrasco et al. 2010) confirm the compactness of 1 z 2.5 massive galaxies. On the other hand, also higher values of α than our fiducial value α = 1.2 ± 0.2 are present in the literature. For example, Buitrago et al. (2008) find α = 1.51 ± 0.04 at z < 2, while Damjanov et al. (2011) find α = 1.62±0.34. Assuming α = 1.5, µ ≥ 1/10 mergers would explain ∆r e ∼ 45% of the size evolution, while the addition of very minor mergers would increase the role of mergers up to ∆r e ∼ 65%. In that case, the contribution of other processes would increases to ∆r e ∼ 20%. Thus, even if the size evolution is faster than our fiducial α value, mergers would be still the dominant mechanism.
• Merger time scale. The main uncertainty in our merger rates is the assumed merger time scale, which typically has a factor of two uncertainty in their normalization (e.g., Hopkins et al. 2010c ). The T MM from Kitzbichler & White (2008) are typically longer than others in the literature (e.g., Patton & Atfield 2008; Lin et al. 2010) or similar to those from N-body/hydrodynamical simulations (Lotz et al. 2010b,a) . Thus, we expect, if anything, a shorter T MM , which implies a larger role of mergers in size evolution (i.e., higher merger rates and numbers of mergers since z ∼ 1). In fact, a shorter T MM by a factor of 1.5 is enough to explain the observed mass growth and size evolution without the contribution of very minor mergers.
• Uncertainties in β. Equation (26), which we used to derive the values of β in our model, assumes parabolic orbits and dissipationless (gas-free) mergers. About the first assumption, Khochfar & Burkert (2006) and Wetzel & White (2010) show that most dark matter halos in cosmological simulations merge on parabolic orbits. On the other hand, we find that ∼ 65% of our mergers are dry, but the other ∼ 35% are mixed and an extra dissipative component is present. In these cases simulations suggest that β should be higher than 10 http://www.mpa-garching.mpg.de/galform/ediscs/index.shtml Fig. 10 . Velocity dispersion normalized to its local value, δσ ⋆ , as a function of redshift. The dott-dashed line is the observed evolution, δσ ⋆ = (1 + z) 0.4 . The shaded area marks the 68% confidence interval. The solid line is the evolution due to major and minor mergers (µ ≥ 1/10) expected from our results. The dotted line is the expected evolution when very minor mergers (µ < 1/10) are taken into account. The dashed line is the expected evolution when very minor mergers and the progenitor bias (PB) are included (see text for details).
derived from Eq. (26), even reaching β ∼ 2.5 (Hopkins et al. 2010b ). This does not change our conclusions because it translates to a higher size evolution due to mergers. In addition, Oser et al. (2012) show that the size growth expected from Eq. (26) is in nice agreement with the growth measured in hydrodynamical simulations settled in a cosmological contest.
In summary, our results suggest that merging is the main contributor to the size evolution of massive ETGs, accounting for ∆r e ∼50-75% of the observed evolution since z ∼ 1. Nearly half of the evolution due to mergers is related to minor (µ < 1/4) events.
Additional constraints from velocity dispersion evolution
In addition to their mass and size, the velocity dispersion (σ ⋆ ) of ETGs evolves with redshift as δσ ⋆ = (1 + z) a . We assume a = 0.4 ± 0.1 in the following (δσ ⋆ = 1.32 at z = 1, Cappellari et al. 2009; Saglia et al. 2010; van de Sande et al. 2011 ). When we apply our simple model using the prescriptions of Fan et al. (2010) for the evolution of σ ⋆ in merger events, µ ≥ 1/10 mergers are only able to explain 15% of the observed evolution, δσ m ⋆ (1) = 1.05. Hopkins et al. (2009b) propose another prescription to trace the evolution in σ ⋆ from the evolution in size that takes into account the dark matter component of the galaxy,
where γ ∼ 1 for M ⋆ ∼ 10 11 M ⊙ galaxies. Using this prescription, the evolution of σ ⋆ is faster, but we still explain only ∼ 35% of the observed evolution, δσ m ⋆ (1) = 1.10 (solid line in Fig. 10 ). The addition of very minor mergers increase the contribution to ∼ 50%, δσ m ⋆ (1) = 1.16 (dotted line in Fig. 10 ). However, a small change of σ ⋆ due to mergers is consistent with the picture from Bernardi et al. (2011) . They study in details the colour−M ⋆ and colour−σ ⋆ relation of ETGs in SDSS, finding that M ⋆ ∼ 2 × 10 11 M ⊙ is a transition mass (M tran ) for which the curvature of the colour−M ⋆ relation change, while no deviation is present in the colour−σ ⋆ relation. These authors claim that (dry) mergers are the main process in the evolution of those ETGs with M ⋆ M tran ∼ M * ⋆ (see also van der Wel et al. 2009b; López-Sanjuan et al. 2010b; Oesch et al. 2010; Eliche-Moral et al. 2010; Méndez-Abreu et al. 2012 , for a similar conclusion), as our results also suggest.
One missing ingredient in the model described in this section is the progenitor bias: new early-types which appeared since z ∼ 1 are not only more extended that previous ones, but also have a lower velocity dispersion (van der Wel et al. 2009a ). Thus, the progenitor bias also mimic a decrease of σ ⋆ with cosmic time. The results of Saglia et al. (2010) suggest that a factor of 1.1 in the σ ⋆ evolution is due to the progenitor bias. Applying this extra evolution as a factor 1+0.1z to that from mergers (very minor ones included), we are able to explain 90% of the increase in velocity dispersion, δσ PB ⋆ (1) = 1.28 (dashed line in Fig. 10 ). Including this, our model is compatible with the observed evolution and suggests that mergers and the progenitor bias have a similar contribution to σ ⋆ evolution, somewhat different from the dominant role of mergers in size evolution.
Additional constraints from scaling relations
Nipoti et al. (2009) point out that the tightness of the local scaling laws of ETGs posses an important limit to the growth of these systems by (dry) merging (see also Nair et al. 2011) . Using these local scaling laws, they conclude that typical present-day massive ETGs could not have assembled more than ∼ 45% of their present stellar mass and grew more than a factor ∼1.9 in size via merging. Even if uncertain, we can extrapolate our observed trends up to z ∼ 2 and compare the inferred mass and size growths with these upper limits provided by Nipoti et al. (2009) . We obtain a mass growth by merging (including very minor mergers) of δM ⋆ ∼ 60% since z = 2, which implies that δM ⋆ (2)M ⋆ (2)/M ⋆ (0) ∼ 40% of the total mass at z = 0 was assembled by merging since z = 2. The size grows by a factor of ∼ 2 due to this merging in the same cosmic time lapse. Therefore, merging seems compatible with the upper limits in mass assembly and size growth imposed by the tightness of the local scaling laws, although a more complex model is needed to fully explore how these laws evolve due to our observed merger history.
Comparison with previous studies
In a previous work, Trujillo et al. (2011) use a similar model than ours to estimate the number of mergers needed since z ∼ 1 to explain size evolution if merging is the only process involved. They conclude that N m = 5.0 ± 1.64 mergers with µ = 1/3 are needed. This number of mergers is higher than our direct measurement by a factor of five, N m = 0.89 ± 0.14 (our average merger with µ ≥ 1/10 has µ ∼ 1/3). If we take into account our estimated very minor mergers, our numbers are N m ∼ 5 and µ ∼ 1/10. For this value of µ they infer N m = 11.20 ± 3.66, still higher than our estimation. The model of Trujillo et al. (2011) also estimates the mass growth due to mergers since z ∼ 1, which is a factor of 3 − 5, also higher than any observational estimation or constraint (a factor of ∼ 1.4, Sect.6.2). Newman et al. (2012) study the size evolution of red galaxies in the CANDELS 11 (Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey, Grogin et al. 2011) survey and the role of mergers with µ ≥ 1/10 in this size growth at 0.4 < z < 2. Applying a similar model than ours to translate their observed total merger fraction to a size growth, they conclude that merging can reasonably account for the size evolution observed at z 1 after the progenitor bias is taking into account, while at z 1 mergers are not common enough. Despite they only have one merger fraction data point at 0.4 < z < 1 (Fig. 6 ), their conclusion is consistent with our more detailed study at z 1.
Expectations from cosmological models
Several theoretical efforts have been conducted to explain the size evolution of ETGs. In this section we compare the predicted size evolution from cosmological models with our best model, which suggests that ∆r e ∼ 75% of the evolution in size is due to mergers, ∆r e ∼ 20% to the progenitor bias and ∆r e ∼ 5% to other processes (e.g., adiabatic expansion).
The model of Hopkins et al. (2010b) predicts that, since z = 2, un-equal mass mergers explain ∆r e ∼ 60% of the observed size evolution, in agreement with our result. However, these authors only track the evolution of compact galaxies since z = 2 and do not take into account the possible contribution of the progenitor bias, but argue that it should impact their predictions. In fact, they predict that ∼ 45% of the size evolution since z = 1 is due to un-equal mass mergers, another ∼ 45% is accounted for by systematics in size measurements and the extra ∼ 10% is due to adiabatic expansion, probably reflecting their biased population.
The model of Shankar et al. (2011) predicts δr e ∼ 0.7 for massive galaxies, in agreement with our observational derivation due only to mergers (see also Khochfar & Silk 2006) . Interestingly, the evolution increases to δr e ∼ 0.5 when individual galaxies are tracked along their evolution without any stellar mass selection. They predict that ∼ 40% of the mass accreted by merging in massive galaxies is due to major mergers with µ ≥ 1/3. Our best model implies that ∼ 47% of mass and size growth is due to major mergers with µ ≥ 1/3. The qualitative agreement between both works is remarkable.
On the other hand, Oser et al. (2012) find α = 1.12 (α = 1.44 for passive galaxies) and a ∼ 0.4 by re-simulating with high resolution a set of 40 galaxies with M ⋆ ≥ 6.3×10
10 M ⊙ in a cosmological context. They find that the number-averaged merger has µ = 1/16, while the mass-averaged merger has µ ⋆ = 1/5. From our model we estimate µ ⋆ = 1/3 and µ = 1/13. We check that µ ⋆ is independent of the assumed number of very minor mergers N vm , while we can vary µ arbitrarily by changing N vm . Thus, only the comparison with µ ⋆ is representative. The predicted value is lower than our measurement, but they find a higher role of major mergers at M ⋆ ∼ 10 11.1 M ⊙ (see also Hopkins et al. 2010a; Cattaneo et al. 2011) , with µ ⋆ ∼ 1/3 and a big dispersion due to the low statistics (see their Fig. 6 ). Future simulations with higher number of galaxies are needed to explore in more details this issue.
In summary, our result that merging is the main process involved in size evolution mostly agrees with simulations, but more observational and theoretical studies are needed to understand the remaining discrepancies.
Conclusions
We have measured the minor and major merger fraction and rate of massive (M ⋆ ≥ 10 11 M ⊙ ) galaxies from close pairs in the COSMOS field, and explored the role of mergers in the mass growth and size evolution of massive ETGs since z ∼ 1.
We find that the merger fraction and rate of massive galaxies evolves as a power-law (1 + z) n , with no or only small evolution of the minor merger rate, n mm ∼ 0, in contrast with the increase of the major merger rate, n MM = 1.4. The total (major + minor) merger rate evolves slower than the major one, with n m = 0.6. When splitting galaxies according to their HST morphology, the minor merger fraction for ETGs is higher by a factor of three than that for spirals, and both are nearly constant with redshift. The fraction of major mergers for massive spirals evolve faster (n spiral MM ∼ 4) than for ETGs (n ET MM = 1.8).
Our results imply that massive ETGs have undergone 0.89 mergers (0.43 major and 0.46 minor) since z ∼ 1, leading to a mass growth of ∼ 30% (75%/25% due to major/minor mergers). We use a simple model to translate the estimated mass growth due to mergers into an effective radius growth. With this model we find that µ ≥ 1/10 mergers can explain ∼ 55% of the observed size evolution since z ∼ 1. We infer that another ∼ 20% is due to the progenitor bias (the new ETGs appeared since z = 1 are more extended than their high-z counterparts) and we estimate that very minor mergers (µ < 1/10) could contribute with an additional ∼ 20%. The remaining ∼ 5% could come from adiabatic expansion due to stellar winds or from observational effects. In addition, our picture also reproduces the mass growth and the velocity dispersion evolution of these massive ETGs galaxies since z ∼ 1.
We conclude from these results, and after exploring all the possible uncertainties in our model, that merging is the main contributor to the size evolution of massive ETGs at z 1, accounting for ∼ 50 − 75% of that evolution in the last 8 Gyr. Nearly half of the evolution due to mergers is related to minor (µ < 1/4) events.
Studies in larger sky areas are needed to improve the statistics, especially at lower redshifts when the cosmological volume probed is still the main source of uncertainty. We point out that a local measurement of the minor merger fraction and rate is needed to better constrain its evolution with redshift. Understanding the dependency of the minor merger rate on stellar mass, as well as extending observations to the very minor merger regime (µ ≤ 1/10) will be important to further improve this picture. In addition, extending the observational work at z > 1, when the massive red sequence seems to emerge, will be necessary to probe the early epochs of mass assembly.
